A recent study has revealed a full 3-dimentional reactive scattering picture of the reaction Cl+CHD 3 (v 1 =1) as the Cl atoms attack CHD 3 from various directions respective to the C−H stretching bond. The reported polarization-dependent differential cross sections provide the most detailed characterization of the influences of reagent alignments on reactivity. To convey the stereo-specific information more accessible to general chemists, we show here, by proper symmetry considerations, how to retrieve from the measurements the relative integral and differential cross sections of two most common collision geometries: the end-on versus side-on attacks. The results, albeit coarse-grained, provide an appealing picture that not only reinforces our intuition about chemical reactivity, but also sheds more light on the conventional (unpolarized) attributes.
I. INTRODUCTION
The concept of steric effects is at the heart of chemical reactivity. The most primitive one is the socalled "steric factor" associated with the Arrhenius Afactor introduced in the standard kinetics textbooks [1−3] . Experimental investigations of steric effects dated nearly half century ago when Bernstein and coworkers [4] and independently Brooks' group [5] pioneered the hexapole technique for oriented molecular beam studies. In 1982 Zare proposed an optical preparation approach by exploiting the laser polarization to align the reagents [6] . Despite the numerous attempts since then [7−14] , not until very recently has a full three-dimensional (3D) view of stereodynamics of a chemical reaction been successfully revealed by employing the crossed-beam and slice imaging techniques [15] . The striking dependences of both product state and angular distributions on the aligned reagents were unequivocally demonstrated in the so-called three-vector (k, k , J) correlation [16] experiments. With the aid of a theoretical framework and two-dimensional (2D) analysis of sliced images, a complete set of the polarizationdependent differential cross sections (PDDCSs) of the Cl+CHD 3 (v 1 =1) reaction was obtained [15] , which enables a clear 3D visualization on how the chemical transformation takes place. † Part of the special issue for "the Chinese Chemical Society's 13th National Chemical Dynamics Symposium".
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While the knowledge of a complete set of PDDCSs could provide the most detailed insights into the directional properties of a reaction, some less detailed stereospecific information might be intuitively more appealing to general chemists. One of such quantities is the relative reactivity under two extreme collision geometries: the end-on versus the side-on attacks. In the case of Cl+CHD 3 (v 1 =1)→HCl+CD 3 reaction, the two geometries correspond to the C−H reactive bond being in parallel (//) or lying in a plane perpendicular (⊥) to the approaching Cl atoms, respectively [14] . Since the conventional integral cross section (ICS) is of concern here, a proper data analysis must be performed to include the reactive fluxes over full 4π solid angles. Yet, as Wang et. al demonstrated in the reaction of aligned CHD 3 (v 1 =1, |JK =|10 ) reagents with Cl atoms, the cylindrical symmetry of product angular distribution is clearly broken down [15] , which makes the integration over the azimuthal angles ϕ ambiguous. Here, we show how to recover such information from two judiciously chosen polarization configurations based on proper symmetry considerations.
II. EXPERIMENTS
The rotatable, crossed-beam scattering set-up and experimental procedures are the same as previously described [14, 15, 17−21] . In brief, two doubly skimmed, pulsed molecular beams (the discharge-generated Cl atoms and CHD 3 molecules) intersected in the interaction region of a time-sliced and velocity-mapped ionimaging apparatus [17] . Two lasers (the infrared (IR) pump and ultraviolet (UV) probe) were directed perpendicularly to each other and in the same plane as the molecular beams, and all four beams crossed in the collision region [14, 15] . The vibrationally excited CHD 3 (v 1 =1, |JK =|10 ) reagent was prepared by an IR OPO/A (optical parametric oscillator/amplifier) tuned to the R(0) transition at 2999.21 cm −1 [22] . The polarization direction E was rotated by a variable waveplate to control the reagent alignment. The UV laser was fixed near 333.9 nm, which probed the CD 3 (0 0 ) products by a (2+1) resonance-enhanced multiphoton ionization (REMPI) process through an intermediate 3 P z 2 A Rydberg state [23−25] . The state-tagged CD 3 velocity distribution was measured by a time-sliced ionimaging technique of the REMPI ions [17] .
In the aligned collision experiment, the joint probability density function P (θ; α, ϕ) [26] is used to describe the reactive events at a product scattering angle θ (between the product recoil velocity k and the reactant initial velocity k) when the laser polarization direction E points along the polar angle α and the azimuthal angle ϕ in a scattering frame. The time-sliced image registers the ion signals in the scattering xz plane [14, 15, 17] . For clarity, Fig.1 depicts the coordinate we defined. The CHD 3 (v=1←0) transition is of a parallel band, thus the excited stretching C−H bond lies along the E direction.
Using the explicit P (θ; α, ϕ) expression given in Ref. [15] , one can readily show that
where a 2 0 is the reagent polarization moment in the scattering frame [26] ; a 2 0 =− 2/5 for the prepared CHD 3 (v 1 =1, |JK =|10 ) state [15] . G k =0.73 accounts for the hyperfine depolarization factor of the aligned reagents in this experiment [14, 15] . As is seen, only two reaction polarization moments, S 0 0 (θ) and S 2 0 (θ), survive. And the reactive events (or the sliced images) recorded for these two polarization configurations do not depend on ϕ, thus possess cylindrical symmetry about the scattering axis k. Consequently, the polarized dynamics attributes can be obtained by the usual image analysis of weighting the signals of each pixel by a solid angle factor u 2 sinθ (u is the CD 3 product speed in the center-of-mass frame) [17] .
The P (α=0
• ) configuration represents the geometry with the polarization direction E of IR laser being parallel to k(z); thus, physically it corresponds to the end-on (//) attack in the center-of-mass collision frame [14, 15] . Experimentally, that was achieved by rotating both molecular beams simultaneously (maintaining the same E c ) to make k perpendicular to the IR laser direction. For the P (90
• , 45
• ) configuration, we let k(z) be in parallel to the IR laser direction (i.e., α=90
• ) so that the IR-aligned C−H bond always lies in a plane perpendicular to k, and then rotated E (in FIG. 1 Definition of the scattering frame. The scattering plane xz is defined by the reactant relative velocity k (the z-axis) and product recoil direction k ; θ is the product scattering angle. The spatial direction of the infrared laser polarization vector E in the scattering frame is specified by the polar and azimuthal angles (α, ϕ). Experimentally, all four beams (two molecular beams, IR pump and UV probe lasers) are in the xz plane. The y-axis is the product ion time-of-flight (TOF) axis that points towards the image detector, and the time-sliced image registers only the reactive signals in the xz scattering plane.
the xy plane) 45
• to both the x-and y-axes. As shown previously [15] , with this molecular beam geometry one has P (90
• ) represents the case for side-on (⊥) attack. Since the three polarization configurations, P (90
• ), and P (0 • , 90 • ), correspond respectively to the IR-E directions lying along the x-, y-, and z-axis, the average (//+2⊥)/3 will be equivalent to a reaction with unpolarized (or isotropically distributed) reagents, in consistency with Eq.(1) and Eq.(2). Hence, the unpolarized ICS and distributions can also be readily deduced from the results of the two cylindrically symmetric configurations, P (0 • , 90 • ) and P (90
• , 45 • ).
III. RESULTS AND DISCUSSION
Figure 2 presents two raw images, // and ⊥ configurations, of the CD 3 (v=0) products acquired at E c =3.8 kcal/mol. The forward scattering angle 0
• denotes the initial CHD 3 beam direction in the centerof-mass coordinate system. The sharp forward peak in the inner ring with a slower speed is assigned to the HCl(v=1) product channel, whereas the outer ring is ascribed to HCl(v=0) [14, 15, 20, 21] . The general appearances of the two images are distinctly different. Not only the angular distributions of HCl(v=0) show substantial changes from backward scattering (the // geometry) to sideway direction (the ⊥ case), but also the relative intensity of the two product channels displays a striking dependence on reagent alignments. Such strong variations on collision geometries signify dramatic steric effects in the Cl+aligned CHD 3 (v 1 =1, |10 ) reaction. • denotes the initial CHD3 beam direction in the center-of-mass coordinate system. In the //-geometry the propagation of IR laser is perpendicular to k, and the laser direction lies parallel to k for the ⊥-geometry. The sharp forward peak in the inner ring with a slower speed is assigned to the HCl(v=1) product channel, whereas the outer ring is ascribed to HCl(v=0). After correcting for the density-to-flux factors [17, 27] , the usual image analysis can be performed with the two cylindrically symmetric images. The resultant product speed and angular distributions for both parallel (//) and perpendicular (⊥) geometries are presented in Fig.3 and Fig.4. (The hyperfine depolarization factor, which depends on the specific experimental conditions [14, 15] , is excluded for future theoretical comparisons.) The distribution from isotropically distributed reactants are deduced by (//+2⊥)/3 and also shown in the figure for comparisons.
As evident from Fig.3 , in terms of ICS (σ) the HCl(v=0) channel dominates in all three cases. After normalizing the unpolarized total ICS to unity, the product state-specific ICS of the HCl(v=0) channel decreases from 0.92 for // to 0.49 for ⊥, clearly in favor of the end-on collisions. Conversely, the reactivity for HCl(v=1) increases from 0.27 for // to 0.41 for ⊥, thus prefers the side-on approach. As a result, the branching ratio σ(v=0)/σ(v=1) shows a strong dependence on the collision geometry, 3.41 for // and 1.19 for ⊥, which can be compared to the isotropic case of 1.74. However, the steric influences on total reactivity are somewhat cancelled by the countered behaviours of the two product channels, merely varying from 1.19 for // to 0.90 for ⊥. Figure 4 presents the angular distributions of the ground and excited states of the HCl coproducts. Let us first examine the HCl(v=0) channel. In reaction with unpolarized reagents, the angular distribution dominates in the backward hemisphere, showing a nearly flat-top distribution-entirely consistent with previous direct measurements near this E c [20, 21, 28−30] and reminiscent of a hard-sphere, line-of-centers collision [31] . It was ascribed to a direct abstraction pathway with a collinear C−H−Cl transition state structure, in accordance with ab initio theoretical calculations [32−38] . As the reagents CHD 3 (v 1 =1) are aligned, the distribution changes from predominantly backward for end-on collisions to distinctly sideways for side-on attacks. Intuitively, these findings are exactly what one would anticipate: small impact-parameter collisions yield backward scatterings (a rebound type) and larger impact-parameter approaches lead to sideways/forward scatterings (a peripheral type). Taking together, the three angular distributions offer a vivid perspective on what constitutes the conventional DCS in reaction with isotropically distributed reagents. To our best knowledge, the polarized DCSs shown here are the first clearcut experimental demonstration of the long-held belief about a direct correlation between the initial impactparameter and final product recoil direction. Perhaps more significantly, they also provide a lucid example on how to unfold the impact-parameter averaging (the "unfoldable" or the "forbidden fruit" [39] ) by the threevector (k, k , J) correlation measurements.
As for the vibrationally excited HCl(v=1) channel (lower panel), all three angular distributions exhibit a sharp forward feature, suggestive of a time-delay reaction mechanism. Again, the unpolarized distribution thus deduced is in excellent agreement with previous direct measurements [20, 21, 28−30] . Moreover, the forward peak appears more pronounced as the Cl-atoms attack broad-side. Further theoretical studies will be needed for deeper insights.
IV. CONCLUSION
As presented here, by proper symmetry considerations and judiciously chosen polarization configurations, the reagent-aligned ICSs and DCSs (in accordance with the conventional definition of cross sections) can be retrieved from the three-vector (k, k , J) correlation measurements. For the title reaction at E c =3.8 kcal/mol, we found that the HCl(v=0) products, which proceed via a direct abstraction pathway, prefer an end-on approach, while HCl(v=1) channel is mediated by a timedelay mechanism and in favor of side-on attack. The polarized angular distributions of the HCl(v=0) channel clearly unveil the impact-parameter specific dynamics that otherwise would have been lost in the conventional (unpolarized reagents) experiment. Further analysis on the steric effects at more collision energies is ongoing. The collisional energy dependence of the steric effects could provide deeper insights into the stereodynamics and offer efficacious guidance on how to control the chemical reactivity of a reaction. 
